Background: Cdc20 is an essential component of cell division and responsible for anaphase initiation regulated by securin degradation. Cdc20 function is strongly regulated by the spindle assembly checkpoint to ensure the timely separation of sister chromatids and integrity of the genome. We present the first results on Cdc20 in a large clinical breast cancer material.
attached to microtubules. Recently Cdc20 overexpression has been associated with inappropriately functioning SAC and aneuploidization in oral cancer (Mondal et al, 2007) . High Cdc20 expression has been reported in several human cancer cell lines (Kim et al, 2005b; Iacomino et al, 2006; Thirthagiri et al, 2007; Yuan et al, 2006; Jiang et al, 2011; Chang et al, 2012) and several carcinoma tissues (Kim et al, 2005b; Ouellet et al, 2006; Kidokoro et al, 2008; Jiang et al, 2011) . High Cdc20 expression has also been linked to poor prognosis in lung (Kato et al, 2012) , oral squamous cell (Moura et al, 2013) , bladder (Choi et al, 2013) , colon (Wu et al, 2013) and pancreatic (Chang et al, 2012) carcinomas.
Overexpression of securin has been associated with unfavourable prognosis in multiple cancer types (Vlotides et al, 2007; Salehi et al, 2008) . In our previous work, we have shown that high securin expression predicts aneuploidy and unfavourable prognosis in human breast cancer (Karra et al, 2012) . Active securin binds to and inhibits separase activity, whereas degradation of securin releases separase to cleave centromeric cohesion at anaphase onset -a process dependent on APC-Cdc20 activation (Nasmyth, 1999; Nasmyth et al, 2000) . Thus, securin seems to have an anaphase promoting quality, as the prior interaction with securin is needed for separase to function properly (Kumada et al, 1998; Jensen et al, 2001) . Both overexpression and lack of securin have been suggested to compromise chromosomal stability Bernal et al, 2002; Yu et al, 2003; Kim et al, 2005a Kim et al, , 2007 . Recently a single mutation in securin was shown to induce CIN (Mora-Santos et al, 2013) . The complete role of securin in diseased cells is still not settled but multifactorial mechanisms in aneuploidy, apoptosis, angiogenesis, tumour cell transformation and microenvironment regulation and role in DNA repair checkpoint have been suggested (Tfelt-Hansen et al, 2006; Vlotides et al, 2007; Salehi et al, 2008) . Increasing evidence suggests clinically significant applications of securin in association with disease outcome and as a biomarker for subsequent therapeutic interventions (Solbach et al, 2005; Cho-Rok et al, 2006; Kakar and Malik, 2006; Panguluri et al, 2008) .
The purpose of this study is to evaluate the significance of Cdc20 independently and in combination with securin as a prognostic marker for breast cancer patients. The study is based on a material of 445 breast cancer patients with up to 22 years of follow-up (mean follow-up 10.0 years). Our findings suggest that the combination of high Cdc20 and securin expression identify a specific group of patients with aneuploid cell type and extremely short breast cancer survival, in average 2.4 years after diagnosis (median 2.7 years). In our material, Cdc20 and securin overexpression was associated with aggressive cell morphology and triple-negative breast carcinoma subtype.
MATERIALS AND METHODS
Patients. The patient material includes a total of 445 women with unilateral invasive breast cancer diagnosed and treated in Jyväskylä Central Hospital, Jyväskylä, Finland in 1987 -1997 during the era of the national mammography screening programme of Central Finland. All patients were treated with surgical resection or mastectomy with axillary evacuation, radiation and/or adjuvant treatment with anti-estrogenic or cytostatic drugs depending on the patients' age, hormone receptor and lymph node status according to the international guidelines for breast cancer treatment at the time of diagnosis (Goldhirsh et al, 2009) . No pre-operative adjuvant treatments were administered. Complete clinical follow-up information was available from pathology reports and patient files. The clinico-pathological data of the material (Table 1) was collected according to the criteria presented by WHO (Lakhani and International Agency for Research on Cancer, World Health Organization, 2012). In addition, intrinsic breast cancer classification for the genetically identified breast cancer subtypes (Perou et al, 2000; Sorlie et al, 2001; Sotiriou et al, 2003) was performed as approximations recommended by the 12th St Gallen International Breast Cancer Conference Expert Panel (Hammond et al, 2010; Goldhirsch et al, 2011) . The maximum follow-up period of the patient material was 22 years and 6 months (mean 10.0 years). Causes of death were obtained from autopsy reports, death certificates and from the Finnish Cancer Registry. The Ethical Committees of Jyväskylä Central Hospital and Turku University Hospital have approved the patient material and study setting.
Image cytometry analysis. For image cytometric analysis, material from tumours of 229 patients was collected as previously described by Karra et al, 2012 . Briefly, cell imprints were prepared by applying a freshly cut surface of the tumour on glass slide. The histological diagnosis of all cell imprints was morphologically verified from routine formalin-fixed (pH 7.0), paraffin-embedded and H&E-stained tissue specimen from the same cut surface of the tumour. The imprints were stained according to Feulgen (CAS DNA Staining Kit, Becton Dickinson Cellular Imaging Systems, Elmhurst, IL, USA) and analysed by determining the DNA content of each tumour quantitatively as the intensity of nuclear staining in both automatic and visual evaluations in light microscopy (CAS 200 Image Analysis System, Cell Analysis Systems, Elmhurst, IL, USA). Calibration and biological reference of the image analysis system was based on internal control of diploid cells and external control of rat tetraploid hepatocytes.
DNA histograms were classified according to visual interpretation. Cases were allocated into diploid (X90% of cells forming a single peak between 1,6c and 2,4c), tetraploid (a minimum of 10% of cells forming a peak between 3,6c and 4,4c) or aneuploid (410% of cells outside diploid and tetraploid ranges). Moreover, particularly strongly aneuploid cases were further described on the basis of observed fraction of cancer cells with DNA content exceeding 5c (5c exceeding rate, 5cER) and 16c (16c exceeding rate, 16cER) (Karra et al, 2012) .
Immunohistochemistry and in situ hybridisation. Tissue material for Cdc20 and securin staining was obtained from tumours of all 445 non-consequtive breast cancer cases. For immunohistochemistry, tissue microarrays (TMA) were prepared by selecting a representative block of each patient and punching the tumour area for two tissue cores 0.6 mm in diameter. After arranging the cores precisely to TMAs, each of the six blocks contained 128-312 tissue cores. Cdc20, oestrogen receptor (ER), progesterone receptor (PR), Ki-67 and Her2 immunostainings were performed with the automated immunostaining machine BenchMark XT (Roche Diagnostics/Ventana Medical Systems, Tucson, AZ, USA) using ultraView Universal DAB Detection Kit (Roche/Ventana). Securin immunostaining was performed with LabVision Autostainer 480 (Thermo-Fisher Scientific, Fremont, CA, USA) and detected with Power Vision þ polymer kit, according to standard protocol (DPVB þ 110HRP; Immunovision Technologies, Vision Biosystems, Norwell, MA, USA), with diaminobenzidine as chromogen. Details for antibodies, antigen retrieval and staining methods are summarised in Table 2 .
Interpretation of Cdc20, securin and Ki-67 positivity was performed on sets of 100 cancer cells (minimum of one set and maximum three sets of 100 cells evaluated in each tissue core). Tissue cores showing o100 invasive cells were excluded from the study. Cdc20 immunopositivity was observed in the cytoplasm of cancer cells. The cases (4.3%) with strong diffuse staining were clearly identifiable among all tissue cores. In addition, a fraction of cases showed weak diffuse staining (23% of cases) or staining in single cells (12% of cases). The majority of cases (61%) were classified negative on the basis of o5% of positive cancer cells observed. Securin immunopositivity was both nuclear and cytoplasmic and registered as the fraction (%) of positive cancer cells (median 7.5%, range 0-84.5%, 50% of cases between 4.0%-15.3%) as described by Karra et al, 2012 . Interpretation of ER, PR and Ki-67 immunohistochemistry was performed according to generally accepted international guidelines (Hammond et al, 2010) .
Cases for Her2-amplification testing were selected on the basis of immunohistochemistry, and gene amplification was thereafter confirmed with in situ hybridisation. Her2/Chr17 double in situ hybridisation was performed with the BenchMark XT (Roche/ Ventana) using Ventana Her2 DNA probe (Roche/Ventana), Inform Chromosome 17 probe (Roche/Ventana), ultraView SISH detection kit to detect Her2 (Roche/Ventana) and ultraView Alkaline Prosphatase Red ISH Detection Kit to detect Chr17 (Roche/Ventana). Briefly, ISH Protease 3 (Roche/Ventana) for 8 min was used as a pretreatment step, and Her2 hybridisation was performed at 521C for 6 h and Chr17 hybridisation at 441C for 2 h.
Interpretation of both immunohistochemistry and in situ hybridisation was performed according to generally accepted international guidelines (Wolff et al, 2007) .
Statistical analysis. For statistical analyses, patients were allocated into low-level and high-level expression groups based on Cdc20 and securin immunopositivity and cutoff points based on reported prognostic associations and mean values in the patient material (Karra et al, 2012) . Survival analyses for Cdc20 and securin were performed as Kaplan-Meier estimates to demonstrate cumulative percentages of breast cancer-specific mortality, and Cox's proportional hazards models to assess differences between the groups of patients with different prognoses. Cox regression analysis was performed to characterise prognostic associations adjusted for the established prognostic features: tumour size, axillary lymph node status, histological and intrinsic cancer type and histological grade. Relation between the proteins under study and the established clinical prognosticators were quantified as hazard ratios (HRs) with 95% confidence intervals (CI). Associations between Cdc20 and securin immunopositivity, features of DNA content and the established prognosticators of breast cancer were analysed by Fisher's exact and Wilcoxon rank sum tests, and the results were quantified as odds ratios with 95% CIs. P-values o0.05 were considered statistically significant. The validity of proportional hazards assumption was assessed both visually and numerically, and no marked deviation for assumptions were observed. Kaplan-Meier survival plots were generated using R 2.15.0. All computations were performed with SAS for Windows, Version 9.3 (SAS Institute, Cary, NC, USA). Figure 1 show the immunostaining patterns of Cdc20 and securin in invasive breast cancer. Cdc20 immunopositivity was allocated into four expression groups: negative in 495% of cancer cells (score 0), positive in 45% of single cancer cells (score 1 þ ), weak diffuse staining (score 2 þ ) and strong diffuse staining in 495% of cancer cells (score 3 þ ). The cases classified as score 3 þ ( Figure 1D ) were a small (n ¼ 19, 4.3% of the whole material) but distinct patient group clearly distinguished from the other cases based on the strong Cdc20 immunoexpression and extremely poor prognosis (Po0.001) (Figure 2) . In further analyses, this high expression group was evaluated separately from the rest of the cases (low-expression group). In securin stainings the average fraction of immunopositive cancer cells was 10.2% (median 7.5%, range 0-84.5%, 50% of cases between 4.0-15.3%). For statistical analyses, the threshold at 10% immunopositivity was used for dividing the material in low and high expression groups (low 62.9% and high 37.1% of cases) (Karra et al, 2012) . In DNA cytometric analyses, cases with high and low Cdc20 expression showed aneuploid cell type in 62.5% and 35.6% of cases, respectively. Table 3 summarises the associations for Cdc20 expression and ploidy. In statistical analyses, the association between high Cdc20 and ploidy sparsely failed to show statistical significance (P ¼ 0.059), probably because of the low number of cases in this group. In our material, all cases showing the combination of high Cdc20 and securin expression had abnormal DNA content. High expression of both proteins predicted 19-fold odds (P ¼ 0.004, CI 1.1-344.8) for aneuploid DNA content as compared with cases with low expression in both stainings. In addition, high Cdc20 expression in combination with high securin expression predicted the occurrence of 5cER cells (OR 17.0, CI 2.1-135.1).
RESULTS

Photomicrographs in
In prognostic analysis involving all patients and the entire follow-up period of maximum 22 years (mean 10.0 years), high Cdc20 immunoexpression predicted twofold risk of breast cancer death (P ¼ 0.047, CI 1.0-3.9). We have earlier reported a strong association between securin immunoexpression and poor prognosis of breast cancer (Karra et al, 2012) . When the established prognosticators of breast cancer were added into the multivariate analysis with securin and Cdc20, high securin expression was shown as statistically significant prognosticator along with axillary lymph node status, tumour size and histological grade (grade 1 vs 2) ( Table 4) . Table 5 summarises the associations between Cdc20 and securin immunoexpression, DNA ploidy, and the established prognosticators of human breast cancer. Despite the observed unfavourable prognosis associated with high Cdc20 expression, the majority of the patients were axillary lymph node negative (63%). This association was, however, not statistically significant, probably owing to small number of patients in the subgroup. Figure 3A shows the Kaplan-Meier curves of the patient material divided according to Cdc20 immunoexpression (P ¼ 0.047). The prognostic implications were still intensified when analysing Cdc20 and securin immunoexpression in combination ( Figure 3B ). In our material, this analysis indicated 4.3-fold risk of breast cancer death (Po0.001, CI 2.0-8.9) for patients with high Cdc20 and high securin expression as related to low Cdc20 and low securin expression. Detailed quartile estimations of Kaplan-Meier analysis for individual patients suggested that the majority (75%) of patients with low Cdc20 expression were alive 7.9 years after diagnosis, whereas the majority (75%) of patients with high Cdc20 expression were alive only 1.9 years after diagnosis. In the same vein, the majority (75%) of patients with the most favourable combination of Cdc20 and securin (low expression for both) looked forward to 13.3 years of survival. Instead, the majority (75%) of patients with the most unfavourable combination of Cdc20 and securin (high expression for both) could expect only 1.3-year breast cancer survival. The prognostic value of the combination of Cdc20 and securin immunoexpression was particularly strong in Kaplan-Meier analysis modelling short-term survival (up to 5 years of diagnosis) ( Figure 3C ). In this setting, patients showing high expression for both Cdc20 and securin were associated with 6.8-fold risk of breast cancer death (Po0.001, CI 3.2-14.9) as compared with patients with low Cdc20 and securin expression. When the established prognosticators of breast cancer were included in the multivariate analysis, only securin, nodal status and tumour size showed statistically significant prognostic associations at 5 years of followup. In addition to the extremely aggressive course of disease, the small subgroup (n ¼ 19) of patients with high expression for both Cdc20 and securin stood out histologically on the basis of their particularly atypical morphology with strong pleomorphism, several multinucleated cancer cells and high mitotic activity with frequent pathological mitoses (Figure 4) . Analysis of this subgroup with the help of the established prognosticators showed that all but one of the cases represented the triple-negative 'basal-like' cell type in the surrogate genetic classification of St Gallen International Expert consensus (Goldhirsch et al, 2011) . The remaining one case showed hormone receptor positivity but was Her2-oncogen negative. Based on this very small patient group, the combined high expression of Cdc20 and securin predicted 88-fold odds for triple-negative breast cancer (TNBC) subtype (Po0.001, CI 11.3-688.3).
DISCUSSION
We report for the first time on the prognostic associations of the essential cell-cycle regulator, Cdc20, in human breast cancer. As an Tumour size comparing patients with tumour size p2 cm with tumour size 42 cm.
e Histological grade comparing grades 1, 2 and 3. In detailed analysis significant difference was seen only between grades 1 and 2 (grade 2 vs grade 1 HR 2.2, CI 1.1-4.3). Number of patients in different groups (%) with statistical significance (P).
a Fraction of cases (%) with 45% of cells showing DNA content over 5c.
activating subunit of APC/C, Cdc20 is known to drive mitosis from metaphase to anaphase, where the APC/C-Cdc20-mediated degradation of securin is of critical importance (Peters, 2006) . The role of Cdc20 in sister chromatid separation has previously been demonstrated in Cdc20 depleted mice whose embryos are arrested in metaphase at the two-cell stage with high levels of cyclin B1 and securin (Li et al, 2007) . In a further experiment with Cdc20 and securin double mutant embryo, metaphase was not arrested, but the loss of securin could not rescue the embryos form Cdc20 deficiency-induced lethality (Li et al, 2007) . Experiments with mice have suggested that mutant, SACinhibition resistant Cdc20 promotes tumorigenesis (Li et al, 2009) . Vice versa, knockdown of Cdc20 expression has resulted in growth suppression of tumour cells (Kidokoro et al, 2008; Taniguchi et al, 2008) . Increase in Cdc20 expression has been reported in many human cancers, often with associated less favourable prognosis (Chang et al, 2012; Choi et al, 2013; Kato et al, 2012; Moura et al, 2013; Wu et al, 2013) . In cDNA microarray analyses based on human cancer tissues, including breast cancer, Kidokoro et al, (2008) found Cdc20 to be overexpressed in a large set of human malignancies. The Cdc20 expression was increased more than threefolds in 44% of all cancer tissues examined and in 60% of the breast cancer tissues (Kidokoro et al, 2008) .
Previously, Nilsson (2011) has suggested that the level of Cdc20 might be one of the key features determining response to antimitotic cancer therapeutics. Downregulation of Cdc20 in breast cancer cells has been associated with inhibition of cell proliferation in vitro (Jiang et al, 2011 (Jiang et al, , 2012 . Furthermore, treatment with siRNA against Cdc20 has been shown to induce G2/M arrest and suppress cell growth (Kidokoro et al, 2008; Taniguchi et al, 2008) .
Consistent with their role in regulation of cell proliferation, we found that both Cdc20 and securin were associated with Ki-67 labelling index and histological grade, which includes the feature of mitotic activity. In the present statistical analyses, securin and histological grade were independent prognosticators of invasive breast cancer. Previously, securin has been reported to intensify the prognostic power of Ki-67 alone by identifying a specific subgroup of patients with more favourable outcome than indicated by Ki-67 alone (Talvinen et al, 2008 (Talvinen et al, , 2009 ). In our observations from immunohistochemistry, only part of the mitotic figures in breast cancer tissue stain positive for Cdc20 or securin ( Figures 1E and F) . In light of these morphological and statistical findings, Cdc20 and securin seem to be potential prognosticators for clinical pathology, although the present data does not yet allow testing for their prognostic value in relation to the gold standard of breast cancer prognostication, the Nottingham Prognostic Index (Elston and Ellis, 1991) . The prognostic analyses based on a long-term follow-up indicated substantially increased risk of breast cancer death for patients with high Cdc20 immunoexpression alone (HR 2.0, P ¼ 0.047) and in combination with high securin immunoexpression (HR 4.3, Po0.001). These findings are emphasised by the long-term follow-up of the patient material. Still, the most impressive prognostic associations were obtained when focusing on the first 5 years after diagnosis. In our material, patients with high Cdc20 and securin immunoexpression had 6.8-fold risk of breast cancer death within 5 years from diagnosis. The results suggest that the combination of high Cdc20 and securin expression indicates biologically aggressive disease and particularly sinister outcome and could, therefore, be applicable in identifying patients who would benefit from the most effective oncological treatments. In our material, the combination of Cdc20 and securin expression resulted in an impressive survival difference between the groups of most favourable and most unfavourable prognosis. After the whole follow-up period, the fraction of patients dead of breast cancer was 62% for patients with high expression for Cdc20 and securin, and 24% for patients with low expression for Cdc20 and securin.
Currently, the main clinical problem is the lack of targeted therapies for TNBC (O'Toole et al, 2013) . Of special interest in our results is, therefore, the observation that TNBCs were strongly overrepresented among cases with high Cdc20 and securin expression (94% of cases). Unfortunately, the patient subgroup is too small (n ¼ 19) and the statistical associations are too weak 3) for any definitive conclusions. Still, the findings seem to indicate, for subgroups divided according to Cdc20 and securin expression, a considerable survival difference, which is worth further investigations. TNBCs have been used as a surrogate for the particularly aggressive subtype known as 'basal-like' cancers, which are most commonly diagnosed in younger age, in association with BRCA1 mutation and with a distinct pattern of progression and metastasis (Dent et al, 2007; Anders and Carey, 2008; Billar et al, 2010; Foulkes et al, 2010) . We observed immunopositivity for basal cytokeratins in all but one of the cases with high Cdc20 and securin expression. According to literature, TNBC is not a single subtype of breast cancer but comprises a heterogeneous group of malignancies with distinct molecular signature and therapeutic responses (Peddi et al, 2012; Chiorean et al, 2013; Stagg and Allard, 2013) . Lehmann et al (2011) have recently reported that part of TNBCs identified on the basis of pathways related to cell-cycle control (Basal-like 1 cancer type) may identify a patient subgroup with extremely poor prognosis.
We report for the first time on the prognostic association of Cdc20 and securin expression in breast cancer patients. In our material, high expression of both proteins predicted strong probability (19-fold odds, P ¼ 0.004) for aneuploid DNA content as compared with low expression cases. In prognostic analysis, high Cdc20 immunoexpression alone predicted twofold risk of breast cancer death (P ¼ 0.047), whereas the combination of high Cdc20 and high securin indicated 4.3-fold risk of breast cancer death (Po0.001). In multivariate analyses, high securin expression was shown as a statistically significant prognosticator along with axillary lymph node status, tumour size and histological grade. Our findings suggest that Cdc20 and securin are potential candidates for clinical applications in breast cancer prognostication.
